We review the main issues that are relevant for the observation of Extensive Air Showers from an Earth-Orbiting Satellite. Extensive Air Showers are produced by the interaction of Ultra-High Energy Cosmic Particles with the atmosphere and can be observed by an orbiting telescope detecting the air scintillation light.
Introduction
Ultra-High Energy Cosmic Particles (UHECP), with energies in excess of E ≈ 10 19 eV, hit the Earth with an extremely low flux of about one particle · km −2 · sr −1 · millennium −1 , for energies above E ≈ 10 20 eV [1] . The observation of UHECP and the interpretation of the related phenomenology is one of the most interesting topics of contemporary High-Energy Astro-Particle Physics. Direct detection is impossible at these energies, due to the exceedingly low flux, but UHECP can be detected by observing the Extensive Air Showers (EAS) produced by the interaction of the primary particle with the Earth at-mosphere. For recent reviews on these topics see [2] and references therein.
Two ground-based experiments, the Pierre Auger Observatory (PAO) [3] and the Telescope Array (TA) [4] , are currently taking data and hope to provide a clear understanding of many important topics in the next few years [1, 5, 6] . Using an hybrid detection technique, PAO and TA will improve on the results collected in the past by HiRes [7] and AGASA [8] . However, it is likely that the next generation of experiments, after PAO and TA, will use an Earth-orbiting satellite, in order to increase the event statistics, by exploiting the huge instantaneous geometrical aperture potentially available to such an experiment.
The aim of this paper is to discuss and summarize a few key issues relevant to the design and optimization of space-based experiments for the observation of UHECP. Analytical formulas and semi-analytical results will be presented and discussed, in order to define the main parameters for the observation of EAS from space. We also summarize and update the most important results presented in [9] , where more details can be found. A preliminary study was carried on in [10] , which was the starting point for some of the results presented in this paper. Although the results presented in this paper refer to an EUSOlike general-purpose experiment, most of them can be applied or easily re-adapted to any space-based experiment for the observation of EAS.
The design of a telescope for the detection of EAS from space is a very challenging task, because of the low expected rate of events, the faint signal received from any EAS, the harsh space environment and the tight technical constraints imposed on a space experiment (mainly on mass, power, volume and telemetry). The engineering is very complex and the design has a strong impact on the scientific performance. A careful design optimization is therefore mandatory.
Some of the assumptions of this paper are somewhat optimistic with respect to the real conditions of the experiment, in order to be able to derive analytical formulas and semi-analytical results. We will neglect, for instance, the effect of clouds, of Mie scattering, of multiple scattering and of different types of background other than the random nightglow background; imperfections of a real apparatus will not be taken into account as well. In fact none of these effects can be easily described in a semianalytical way. More precise and detailed results, based on more realistic conditions, can be only obtained by means of a full Monte-Carlo simulation of a specific experimental design: see the complementary paper [11] . Therefore the results of this paper are the minimal necessary requirements for the observation, but possibly not sufficient ones.
The results presented in this paper are a basic input to the detailed optimization and design of the telescope. These results cannot replace a full MonteCarlo simulation, for detailed studies of any specific experiment. However they are extremely useful for a basic understanding, for defining a baseline design and for a rough cross-check of the results of detailed Monte-Carlo simulations. Therefore they provide a valuable starting point preliminary to any full Monte-Carlo simulation, as the latter requires a well-defined design.
Most of the work presented in this paper is the result of the development of the EUSO experiment [12] , a mission of the European Space Agency (ESA), which successfully completed its phase A study in 2004 and was frozen due to programmatic and financial reasons. The EUSO Collaboration developed a full Monte-Carlo simulation, ESAF [11] , generating detailed prediction for an EUSO-like telescope.
The optimization of the design of such a challenging experiment requires to collect as many as possible preliminary information. It is the opinion of the authors that a number of preliminary and preparatory steps are mandatory [13] . The most important one is a detailed characterization of the background via a suitable micro-satellite mission [14] , which might also test some of the technological issues.
The outline of the paper is as follows: the science case is briefly summarized in Section 2; the observational approach is presented in Section 3; the scientific requirements and the requirements derived for the experimental apparatus are presented in Section 4; the assumptions are summarized in Section 5; the design and optimization of an EUSO-like experiment are discussed in Section 6.
The scientific case
The present knowledge of the the physics of UHECP is still largely incomplete.
The sources and the identity of the primary particles are not known. Whether there is an end or not of the high-energy spectrum is not known either. The sources are most probably extragalactic ones and relatively nearby, but they have not been identified, yet [5, 6] . The existence of a cut-off in the energy spectrum seems to be confirmed [1] , but this is in agreement with a composition of the primary particles mostly consisting of protons, while data at lower energies show that the mass of the primary particles increases with the energy [5] .
PAO and TA are collecting a large statistics of UHECP and starting to answer some of the open questions. However, a more complete understanding would require a systematic study of UHECP at energies above ≈ 55 EeV, where ground-based experiments suffer from the limited statistics. In fact, at these high energies there exist only a few measurements of the longitudinal profile of EAS, since the PAO detects and measures the longitudinal profile of about two events per year, over a total of about twenty-five events observed per year. With this limited statistics it is currently impossible to identify the sources of UHECP and to determine the primary particle identity.
The EAS is seen as a quasi point-like image moving on the focal surface of the telescope with a direction and an angular velocity depending on the EAS primary direction with respect to the line-of-sight. The space-time and intensity characteristics of the EAS signal is used to distinguish the EAS from various types of background (see Section 6.12), because the latter, typically, have a different space-time development.
The observational approach is schematically shown in Figure 1 . An typical example of an EAS detected on the focal surface of a realistic EUSO-like telescope is shown in Figures 2 and 3. 
Scientific and experimental requirements
The following scientific objectives are used in this paper, as for a general-purpose experiment: they provide the guidelines to derive the scientific requirements for the experiment.
The measured UHECP energy spectrum has to be extended beyond E ≈ 1·10 20 eV. A map of the arrival directions of UHECP over the whole sky is required in order to identify and localize compact sources, possibly studying their energy spectra. The mass composition of the primary particles has to be measured. The ultra-high energy neutrino flux has to be measured. From these scientific objectives, a set of scientific requirements for the experiment can be derived, see for instance [20, 15] .
Scientific requirements
The following typical scientific requirements for UHECP observation from space are used (see also [20, 15] ), derived from the scientific objectives.
Of course, different scientific objectives might be conceived, possibly leading to different scientific requirements and different experiment design. The relations discussed in the rest of this paper may be adapted to the specific situations.
All sky coverage is required. The angular resolution on the reconstructed primary UHECP direction should be ∆β 3
• for a large enough sub-sample of events, in order to allow the identification of compact sources while taking into account the deviation induced by magnetic fields on charged particles.
An energy resolution ∆E /E 0.3 (including statistical and systematic contributions) is required. In fact, the energy measurement errors distort the shape of a steeply falling energy spectrum, because each energy bin collects more mismeasured EAS from low energies than it does from higher energies. A resolution smaller than ∆E /E 0.3 does not significantly modifies the energy-spectrum shape and does not smear the GZK feature [23] .
The resolution on the depth of the EAS maximum measurement has to be ∆X M 50 g/cm 2 (accounting for the intrinsic variability of the EAS, depending on the UHECP primary mass).
An energy threshold E TH ≈ 1·10 19 eV is required, with a flat efficiency energy plateau at E E TH , in order to keep systematic effects well under control. In fact, near the low-energy threshold, the total EAS detection efficiency steeply changes. This would lead to large systematic uncertainties due to the poor knowledge of the total EAS detection efficiency, which is determined from Monte-Carlo simulations only. A threshold at E ≈ 1·10
19 eV also ensures a fair overlap with the energy spectrum observed by ground-based experiments. Furthermore the telescope must be able to measure EAS with energies up to E MAX ≈ 10 21 eV, in order to study the UHECP energy spectrum in the trans-GZK region, by exploiting the larger statistics with respect to ground experiments.
The instantaneous geometrical aperture, A g , is required to be one order of magnitude larger than currently existing and/or planned ground-based experiments, in order to increase by the same amount the number of collected events: A g 10 6 km 2 · sr.
Requirements for the experiment

Architecture of the telescope
The required experimental telescope is made of a main digital camera, with cylindrical symmetry around the optical axis, operating in the near-UV. Figure 2 with the background simulated. From top to bottom, the image at four different times (70 µs, 100 µs, 115 µs, 133 µs) is shown. The off pixels are in black and the PMT border is drawn in grey. The images are produced with ESAF [11] .
The digital camera must have a large aperture, a large FoV and a fast and pixelized single photon detector; the latter consists of the main optics, possibly a deployable optics, and the photo-detector on the focal surface of the main optics. The main optics is made of the main mirror/lenses (large, lightweight and possibly segmented), corrector mirrors/lenses, the optical filters, the active control mechanism and the supporting structure.
The photo-detector is located at the focal surface of the main optics which is typically a strongly curved surface, due to the large FoV of the optics. It is made of a bi-dimensional array of photo-sensors, the light-collection system on the photo-sensor, the front-end electronics chip and ancillary electronics, the housing, the back-end, trigger and on-board data-handling electronics.
Other ancillary systems, such as an Atmospheric Monitoring System and the Monitoring, Alignment and Self-Calibration system [24] are present.
Mission requirements
The telescope has to observe the largest possible mass of atmosphere, with a large enough geometrical acceptance.
Obstructions of the large FoV, coming from the satellite structure, and parasitic lights coming from any other source than the EAS have to be minimized.
The orbit should be accurately designed, in order to maximize the instantaneous geometrical aperture, compatibly with the required energy threshold (see Section 6.1).
The pointing accuracy is not a critical factor provided the absolute direction of the telescope axis is known for off-line use. The pointing direction must be known off-line to within a precision of 0.5 • , less than the expected angular resolution of the telescope.
The expected rate of EAS and background triggered events, affecting telemetry and telecommanding, will depend on the final orbit and therefore a precise estimation is currently lacking. It will depend on the purity of the triggered sample, which is hardy estimable without preliminary measurements.
The required lifetime is five years at least, in order to get a statistically significant sample of events, at least one order of magnitude larger than expected from ground-based experiments.
Requirements for the telescope
The telescope will operate in single-photon detection mode in the wavelength range (WR) between 330 nm and 400 nm, to detect the air scintillation light. Shorter wavelengths suffer absorption from the ozone layer. At higher wavelengths the scintillation emission is not significant and, moreover, the larger the wavelength range the more difficult is to design an optics free from chromatic aberrations.
The faint signal requires high photon collection area and high photon detection efficiency, as well as low noise. Small cross-talk and after-pulse rates are required in order to obtain a good energy resolution.
The dynamic range of the photo-detector should cover two orders of magnitude in signal intenisty, for an effective EAS detection between E TH and E MAX .
The telescope should have an efficient and selective trigger system, to achieve a good background rejection on-board, and a powerful on-board data handling system as the telemetry would be limited.
The telescope has to be completely modular to reduce the risk of single point failures. Furthermore it should be robust against intense light sources like lightnings and man-made lights.
The telescope has to satisfy the constraints relevant for a space mission including mass, power, volume, telemetry, as well as the many environmental factors.
Other technical requirements
The interior of the telescope should be light-tight such that the parasitic lights impinging onto the photo-detector will be two orders of magnitude less than the expected night-glow background rate not to worsen the energy resolution.
Other technical requirements, such as mechanical, thermal and electrical, are also important, but they are not relevant to the current discussion. See [24] for details.
Definitions and assumptions
In this section the assumptions used in the paper are introduced. The study is based on a typical hadronic EAS viewed by a simple telescope, looking downward the Earth, whose configuration and characteristics will be defined in the rest of the paper.
Some geometry definitions
The EAS properties depend, to a first approximation, only on the primary particle identity, its energy E and its zenith angle, θ.
The features of the EAS image on the focal surface of the photo-detector also depend on the location of the EAS image inside the FoV of the telescope, as defined by the angle between the optical axis and the line-of-sight, γ, and by the azimuth angle of the EAS image projected at the Earth surface (see Figure 4) . The angle γ will be called, in short, field-angle in the rest of this paper, since it represents the visual angle inside the FoV. Whenever the optical axis is coincident with the local nadir, γ is coincident with the zenith angle of the line-of-sight direction. The angle between the latter and the radial direction inside the FoV is called ψ a . If ϕ is the EAS direction azimuth angle, with respect to a global reference system Oxyz, and φ is the azimuth angle of the lineof-sight in the FoV, then ψ a = ϕ − φ.
The unit vectors of the EAS direction,n, and of the line-of-sight,ŝ, in the frame Oxyz are respectively:
If β is the angle between the EAS directionn and line-of-sightŝ from the telescope to the actual EAS location one has:
Reference conditions and general assumptions
In this paper, unless otherwise specified, the conditions and parameters summarized in Table 1 will be used as a reference for most calculations.
Several assumptions, discussed in detail in this section, are used. Some of these assumptions are somewhat optimistic with respect to the real conditions of the experiment.
Is therefore emphasized once more that the results are minimal necessary, but possibly not sufficient, requirements for observation of EAS from a spacebased telescope.
Satellite parameters
The main parameters of the satellite are: its altitude above the Earth, H, (or, in more general terms, all the orbital parameters); the tilt angle α tilt between the optical axis and the local nadir (see Figure 1) . The orbital height H is 400 km H 1000 km (see Section 6.1).
The telescope optical axis is parallel to the local nadir, that is α tilt = 0. Note that, if α tilt = 0, the Figure 4 . Definition of the angles with respect to a global coordinate frame Oxyz, in the case of no tilt between the direction of the local nadir and the optical axis. The D is the position of the telescope, O is the telescope nadir and P is the impact point of the EAS on the Earth surface. The EAS direction is n (zenith angle θ and azimuth angle ϕ); s the direction of the line-of-sight (zenith angle γ and azimuth angle φ); β is the angle between n and s, while ψa = ϕ − φ.
line-of-sight zenith angle is different from the fieldangle γ.
EAS image properties
Any EAS, when observed from space, can be geometrically modeled as a point moving on a straight line at the speed of light. It therefore produces, on the curved focal surface of the photo-detector, an image generated by a point moving on a line.
A reference energy E = 1·10 19 eV is used (Table 1), corresponding to the required energy threshold. In fact the higher the energy of the EAS, the better it can be reconstructed, as more photons are detected.
The EAS direction and ψ a strongly affect the kinematics of the EAS image and therefore its observability and its observed features. For several reasons, to be discussed later, only EAS with a zenith angle 30
• θ 70
• will be studied, with a reference zenith angle θ = 50
• . In fact a very inclined EAS cannot be easily studied in a semi-analytical way, as it gives a very long image on the focal surface, such that the curvature and the changes of the photodetection characteristics of the focal surface cannot be neglected. On the other hand, an almost vertical EAS produces a very short image on the focal surface and it is therefore hard to reconstruct the EAS. In order to describe an average behavior a reference angle ψ a = ±90
• will be used. Note that, when observing from space, up-going EAS could be observed, with θ > 90
• .
Atmospheric profiles
The Linsley's parametrization of the US Standard Atmosphere [25] is used. This parametrization can be sometimes approximated with the simpler exponential density profile (isothermal atmosphere) as a function of the altitude, h, above the sea level [26] :
Sphericity of the Earth
A spherical Earth with radius R ⊕ = 6371 km is used. The exact relation between the altitude above the Earth surface, h, and the distance ℓ measured along a straight line with zenith angle θ is:
In the approximation of flat Earth, when h tan 2 θ ≪ R ⊕ , the relation between h and ℓ becomes:
It is also worth remembering the definition of the slant depth, X:
plus the appropriate boundary condition on X at some ℓ.
EAS longitudinal and lateral profile
The Gaisser-Hillas parametrization [27, 28] of an hadron-induced EAS describes the EAS longitudinal profile as a gamma distribution:
where N ch (X), the number of charged particles at the slant depth X, is expressed in terms of: N ch M , the number of charged particles at the EAS maximum; X M , the depth of the EAS maximum; X 0 , a fitting parameter; X R ≡ X M − X 0 and Λ ≃ 65 g/cm 2 , the interaction mean free path. This expression makes explicit the invariance of the EAS longitudinal profile with respect to shifts of the parameter X 0 . X 0 is often set at the first interaction point, although it is only a fitting parameter and it can also take negative values. The Λ parameter is rather energy independent and very similar for both proton and iron induced EAS in the energy range under study. Finally N ch M ≈ κE, with κ ≃ 0.6/GeV [29] . Typical values for X M and X 0 at E = 10
19 eV are given in Table 2 , inferred from Monte-Carlo simulations done with CONEX [30] . Table 2 Typical Gaisser-Hillas parameters of a E = 10 19 eV EAS for both proton and iron primaries.
A parameter strictly related to X M is the altitude of the EAS maximum, h M , which is fundamental for the reconstruction of X M itself. It depends on X M through the EAS zenith angle θ and the atmospheric density profile. The values of h M , as a function of θ, are shown in Figure 5 for three different X M using the Linsley's parametrization of the atmosphere density profile. The exponential (isothermal) profile for X M = 800 g/cm 2 is also shown for comparison: it is clear that the choice of the atmosphere density profile does not strongly affect h M up to θ ≈ 70
[ The lateral EAS profile is not accounted for in this study, as it is hardly accessible when observing from space. Indeed, the typical EAS lateral size is of about one km, corresponding to the required spatial granularity (see Section 6) . The EAS image is therefore only one or two pixels wide (for a perfect optics).
Length of the EAS track
A typical hadronic EAS of E ≈ 10 19 eV with θ 70
• is seen on the focal surface of the telescope as a few degrees long track, as discussed in detail in Section 6.7. This value is easily estimated by computing the EAS length between the first interaction point and the ground. The real length on the focal surface of the telescope is even shorter, due to the predominance of background with respect to signal at the beginning of the EAS.
Within this short angular interval any possible change of the focal surface detection properties can therefore be neglected. Obviously this would not be true for a very inclined EAS (θ 70
• ), which may appear many degrees long and cannot be easily described in a simple parametrized form.
Random Background
The background in the observation of EAS from space is very complex and produced by many sources (see Section 6.12 for more details).
Only the random background due to the atmospheric night-glow and to the moon and starlight has been taken into account, as it can be easily modeled. A uniform, isotropic and constant background, on the space-time scale of the EAS development is used. A reference value for the background of B ≈ 0.5 [31] , in the wavelength range WR, is used. The available measurements give, under certain circumstances, a value up to a factor two larger, depending on the conditions (including moon phases and cloudiness) [31] .
This random background, gives a large rate with respect to a typical EAS signal, and must be coped with (see Section 6.12). In this study it is assumed that the underlying background can be subtracted away, in real time at the trigger level, in the region nearby the EAS, by continuously measuring the average photon rate on a pixel-by-pixel basis. This is an optimistic but mandatory requirement to deal with the large random background.
The expected large rate implies a small relative error on the background estimate (see Appendix A.4). An appropriate statistical estimator to compare signal to background is therefore S/ √ B.
Air scintillation yield
The EAS develops in the atmosphere at an altitude h 20 km (see Figure 5 ). In this part of atmosphere the air scintillation yield in the wavelength range WR can be considered as nearly constant [32] , roughly equal to Y ≃ (4.2±0.2) photons· particle −1 m −1 . Whenever a better precision is required the yield measurements of [33, 34, 35] are used.
Atmospheric transmission
The atmospheric transmission is naively modeled taking into account Rayleigh scattering only. In fact Mie scattering is more important at low altitudes of a few km, while the EAS predominantly develops above a few km of altitude (see Figure 5 ). Mie scattering is therefore ignored in this study at the current level of approximation, as we are studying the minimal necessary requirements for observation.
The atmospheric transmission as a function of the zenith angle χ, when taking into account Rayleigh scattering only, can be roughly parametrized as:
with
where: h 0 and ρ 0 are, respectively, the atmosphere scale height and the atmospheric density at the sea level (see equation (2)); Λ R (λ) is the Rayleigh mean free path at the wavelength λ [36] ; M (h, χ) is the airmass function at the zenith angle χ [37] . When taking into account the Earth curvature, the air-mass is given by the Chapman function Ch(h, χ) [38] . Table 3 shows the ratio, R, between the atmospheric transmission for a zenith angle χ and the same quantity along the vertical direction for different altitudes. The table shows that at χ 80
• the atmospheric transmission from ground to infinity is reduced by more than one order of magnitude with respect to the vertical. This is crucial to evaluate of the effectiveness of a tilting of the telescope with respect to the nadir direction, as it will be discussed later (Section 6.8.4).
The atmospheric geodesic refraction is usually negligible. In fact the correction for the refraction when observing an object at the Earth surface from a height H, at a zenith angle χ with respect to the nadir, is ∆χ ≈ 62.37
′′ tan χ, for χ 80
• at a wavelength λ = 337 nm [26] . This implies ∆χ ≈ 0.008
• . The effect of the refraction is therefore small with respect to the angular pixel size, typically of ∼ 0.1
• (see Section 6) . However, the effect of atmospheric refraction might be important for a tilted telescope, when observing at large angles Table 3 Ratio R ≡ Ta(χ, h)/Ta(χ = 0, h) between the atmospheric transmission from the altitude h above the ground to the telescope (at infinity), for a zenith angle χ and the same quantity for χ = 0 • , for three different altitudes. All the quantities are evaluated for a wavelength λ = 337 nm using equation (7) .
with respect to nadir: at χ = 80
• (maximum zenith angle with a tilt α tilt ≈ 60
• ), it is ∆χ ≈ 0.1
. As we are studying the minimal necessary requirements for observation, we will neglect multiple scattering and the effects of clouds, which are important in a real experiment. In fact these effects are difficult to study without a full Monte-Carlo simulation and a precise experimental design. Clear sky conditions are used. See [11, 39, 40] for studies of the effects of clouds.
Concept design and optimization of the experiment
In this section the requirements on the telescope, derived from the scientific requirements, will be presented and discussed in detail.
Orbit
The choice of the orbit of the telescope is a trade off between the energy threshold and the observed atmosphere volume.
The orbital height, H, (defined as the semi-major axis of an elliptical orbit) is one of the most important parameters. In fact a higher altitude provides a larger instantaneous geometrical aperture, but also a higher energy threshold because of the smaller EAS signal received by the telescope. Practical and technical constraints may limit the orbital parameters. Indeed, orbits lower than about 300 km height suffer too much atmospheric drag and require frequent re-boosts. On the other hand, orbits higher than about 1000 km height are difficult to manage because the radiation environment undergoes a substantial change due to the presence of Van Allen belts, whose high level of trapped radiation may adversely affect the satellite operation.
An orbit with a variable H is useful in order to extend the range of energy of the observed EAS: a satellite on an elliptic orbit spends more time at higher altitudes, gaining in the instantaneous geometrical aperture, but it also spends some time at lower altitudes, decreasing the energy threshold for EAS observation, in an energy range where a long observation time might be not necessary, as the UHECP flux at lower energy is larger.
An orbit in the range of heights between H MIN ≈ 400 km and H MAX ≈ 1000 km would scale up/down both the UHECP energy range and the instantaneous geometrical aperture by a factor:
On the other hand, linear distances, affecting the angular resolution and pixel size, only scale as H, and not as
The orbital height might be also varied by using different almost circular orbits during the mission lifetime (for example part of the time at a lower altitude and part of the time at a higher altitude). Natural orbit decay might be exploited as well.
The orbit lifetime depends on the orbital height and it strongly depends on the epoch of the Solar cycle (that is on the epoch of the Mission), which affects the atmospheric density (see Figure 6 ).
Another key parameter to keep in mind is the ballistic coefficient of the satellite, defined as m/(C d A sat ), where m is the satellite mass, A sat is its cross-sectional area and C d ≈ 2.2 is the atmospheric drag coefficient). It is expected to be rather low, due to the large expected area-to-mass ratio and therefore the atmospheric drag is expected to be large.
Another important parameter is the observational duty cycle, defined as the fraction of time with the telescope taking data. The orbit design must be further optimized to avoid as much as possible the light pollution from man-made sources at ground, from lightnings (mainly present on the land in the equatorial regions), from auroras and other parasitic light sources. The effects of a short duty cycle can be recovered, in principle, by increasing the mission lifetime.
The orbit can be also optimized to fly over spe- Figure 6 . Lifetime L (in months) of a satellite (mass ∼ 3000 kg; cross-sectional area ∼ 150 m 2 ) versus the orbital height H. Formulae and data for calculation can be found in [41] .
cific fixed targets at ground, as often as possible. Such targets include ground-based EAS experiments, weather stations and ground-based calibration sources. In particular, observations above ground-based EAS experiments, namely the Pierre Auger Observatory and Telescope Array, might be useful for cross-calibration. The coincidence rate of events detectable both by a space-based and a ground-based experiment, strongly depends on the orbit. Order of magnitude estimates give the following results, taking a duty cycle of about 13% for the space-based experiment (an hybrid ground-based experiment has a duty cycle very close to 1). In case of one passage per orbit above the ground target one has about 5/15 events/year above 10/5 EeV, in coincidence with the PAO, and about 1/3 events/year above 10/5 EeV, in coincidence with the TA. In the case of a random passages above the ground target, these numbers go down to 0.1/0.4 events/year for the PAO and 0.03/0.1 events/year for the TA.
In fact, by designing a specific trigger only operational during the passages above the ground target, all the data collected by the telescope could be kept for offline analysis.
Clearly the design of the orbit is a crucial issue for such an experiment. It is therefore preferred an experiment based on a free-flyer, whose orbit can be optimized, to same extent, than an experiment, for instance, on the International Space Station.
Optical system
The two basic optical parameters, affecting both the performance and the engineering of the experiment, are the Entrance Pupil (EP) area, A EP , and the FoV-angle γ M , defined as half the opening angle of the circular cone generating the FoV of the optics (see Figure 1) .
The large required entrance pupil (a few meters diameter) calls for a ratio between the focal length and the entrance pupil diameter as small as possible, in order to reduce the size of the focal surface (see Section 6.2.4).
Entrance pupil of the optics
The entrance pupil area, A EP , or, equivalently, its diameter (also called optics aperture), D EP , is the basic parameter that affects the telescope sensitivity to low intensity signals. Increasing the optics aperture, to within the external and practical constraints, provides a guaranteed improvement of the telescope performance, since the number of detected photons increases.
The optics aperture also determines the size of the telescope and, consequently, the mass and the volume of the payload of the satellite. For large entrance pupil diameters ( 3 m), a deployable optics is most probably required to fit within the space launch vehicle.
The total number of detected photons is roughly proportional to the solid angle subtended by the optics entrance pupil as seen by the EAS (Ω ≈ A EP /H 2 ). The minimum value for A EP is basically set by the requirement on the energy threshold, while the upper limit is fixed by practical constraints such as money and technological readiness. As the telescope is basically photon-limited, the entrance pupil must be as large as possible.
In order to reach an energy threshold as low as E TH ≈ 10 19 eV, an entrance pupil diameter of the order of few meters at an orbital height between 400 km and 700 km is required, (see Section A.2).
FoV of the optics
In order to increase the instantaneous geometrical aperture (Section 6.8) and the number of detected EAS, either a higher orbit or a tilt of the telescope with respect to nadir might be more effective than increasing the FoV. Indeed these two options might have two beneficial effects: keep the focal surface size limited and ensure a better optics performance, as the performance of any optics becomes typically worse when the FoV increases.
The tight constraints of any space mission require the optical system to be simple (few light-weight components). Such an optics has typically a relatively large Point Spread Function (PSF), which varies with the position on the focal surface. The size and shape of the PSF has a direct impact on the spatial resolution at ground and the signal to background ratio. Therefore its optimization over the focal surface is one of the critical aspects of the optical system design. It is worthwhile to mention that a PSF much smaller than the required resolution on ground would not be a realistic option, as the necessary number of pixels would become too large. The optimal telescope design combines a sufficiently small PSF, and a pixel size of similar magnitude, to limit the number of pixels.
In the present discussion, a FoV aperture (halfangle) 15
• ≤ γ M ≤ 25
• , coming from the requirements on the instantaneous geometric aperture (see Section 6.8), is used.
Reflective optics versus refractive optics
One main drawback of a reflective system is that the center of curvature of the focal surface is on the opposite side with respect to the incoming light. The filling of the focal surface with the array of photosensors is therefore more difficult and the filling factor is worse than for a refractive system, with the center of curvature of the focal surface is on the same side with respect to the incoming light. Furthermore a reflective system would suffer from the obscuration due to the focal surface and the very limited room for the photo-detector. The latter might be a real issue, depending on the kind of photo-sensors adopted.
On the other hand, a refractive system is possibly difficult to deploy and a complex supporting structure is required due to its large dimensions, causing some obscuration. As for ground-based astronomical telescopes, it is unpractical and difficult to build refractive telescopes above a certain size: an entrance pupil diameter of a few meters is larger than the largest ground-based refractive astronomical telescope.
On the basis of contemporary technology, a reflective system seems to be a more viable option than a refractive one.
Size of the Focal Surface
To a first approximation, the diameter of the focal surface, D PD , is a function of the FoV-angle γ M and of the focal length f :
Introducing the optics f -number:
where D EP is the diameter of the entrance pupil, the above equation can be re-written as:
Note that for γ M = 30
• and F n = 1 the focal surface is as large as the entrance pupil.
A reasonable assumption for any real telescope is that the focal surface is not larger than the optics: if the latter is approximated by the optics entrance pupil, as it is desirable for a high-efficiency optics, this implies the rough estimate: 2F n sin γ M 1.
A detailed discussion of these and other topics about the optics can be found in [42] .
Effect of the observation angle
At the edge of FoV (γ ≃ γ M ) the triggering and reconstruction of the EAS is more difficult than near the center of the FoV. In fact, due to the larger EAS distance, the flux of photons decreases as ≈ cos 2 γ (the proximity factor ).
The effective entrance pupil typically decreases as cos γ, for a flat entrance pupil. It is the so-called obliquity factor of the optics: the entrance pupil area is seen reduced by a factor cos γ by incoming photons off-axis by an angle γ.
Combining the obliquity and the proximity factors, the number of signal photons falls as cos 3 γ from pure geometrical effects.
Under realistic assumptions, the optical system design is a trade-off among the strict mass constraint, the complexity of the optics and the large required aperture and FoV. An optics with such features is likely to be affected by anisoplanatism: the PSF is optimized for a certain field angle γ best (best focus, smallest size and almost round shape of the PSF, little glare) but at field angles other than the optimal one, aberrations appear, the type and strength of which depends on the optics implementation details. The choice of γ best is driven by the scientific goals. If γ best = 0, then the central region combines the best image quality with a small obliquity factor, so that a lower energy threshold is achieved. On the other hand, if γ best is close to the edge of the FoV, it can be used to partially compensate the worsening effects due the obliquity factor.
In order to quantify the capability to focus incoming light onto a sufficiently small region, it is useful to introduce the optical triggering efficacy (with dimensions of an area) as
where I(γ) is the photon irradiance of the signal (the number of photons per unit time per unit area perpendicular to the line of sight) and Φ b (γ) the number of photons incident on the focal surface per unit time within a pixel bucket (that is a fiducial region around the centroid of the PSF). The signal photons falling outside the pixel bucket are usually too diluted to be associated to the EAS signal, and are lost in the background, contributing to the veiling glare, especially at low energies. In the case of an ideal optics the optical triggering efficacy becomes
where cos γ is nothing but the obliquity factor. In real optical systems the optical triggering efficacy usually decreases faster than cos γ, for instance due to the absorption losses and off-axis aberrations.
An EAS detected at the edge of the FoV would also suffer from a larger atmospheric attenuation T a (see equation (7)), due to the longer and more inclined path in the atmosphere.
Generally speaking, the FoV central region (more photons, better optical quality but smaller geometrical acceptance) is better for detecting low energy events with a low photon flux, while the regions near the edge of the FoV (less photons, worse optical quality but larger geometrical acceptance) are better for detecting high energy events with a high photon flux.
The Photo-Detector on the focal surface
In this section rough basic estimates of an ideal photo-detector parameters are derived. More precise estimates, for instance to quantify the deviations from ideality, would require a full Monte-Carlo simulation and a precise design of the main optics.
As discussed in section 6.2.4, a large focal surface area of a few squared meters is required, to be filled with compact, robust and light-weight photosensors.
The pixel size is driven by two competing requirements: increasing H (or tilting the telescope) requires a smaller pixel size; increasing the optics aperture (and therefore the focal length) implies a larger light spot on the focal surface and therefore a larger pixel size.
The PSF of the optics has to match, approximately, the photo-detector pixel size. In fact, even though a finer pixel granularity would allow a better reconstruction, provided that enough photons are collected, a trade-off with cost and complexity is unavoidable. On the other hand a pixel size much larger than the PSF would not exploit all the quality of the optics (see section 6.9).
The desired number of pixels, N pix , of the photodetector can be estimated by the relation
where ∆L is the linear granularity at ground. The required photo-detector pixel size, d, corresponding to observing a length ∆L on the Earth surface, is then
The photo-detector surface has to approximate the focal surface of the optics, which is expected to be strongly curved due to the large FoV and the impossibility to build an optimized optics with many components. The focal surface, to a first approximation, can be assumed to have a spherical shape (the exact shape for a spherical primary mirror), with radius equal to f and maximum angular aperture γ M . Its area, A PD , is given by
The approximate maximum number of pixels which can be fitted on the focal surface of the photo-detector is
Alternatively the desired pixel size on the focal surface can be estimated, in terms of the focal surface parameters and the desired number of pixels, by the relation
Note that, to the present level of approximation and with the present parameters, the two equations (14) and (17) are roughly equivalent, given the equations (13) and (15) .
The angular granularity of the photo-detector, ∆α, is given by the relations
The solid angle coverage of every pixel, ∆Ω, is given by
The optics also determines the distribution of incidence angles of the photons on the focal surface, which has some impact on the photo-detector design, because the detection efficiency of the photosensor in general depends on it. The marginal ray angle is determined by the F n of the optics and is given by the relation
which leads to a large spread of incidence angles of photons on the focal surface.
In order to reduce the effect of defocusing on the large and curved focal surface a good fit between the ideal focal surface of the optics and the real shape of the photo-detector must be implemented. In general it is not trivial at all to obtain a good fit, because the optimized focal surface of the optics has a complex geometrical shape while the photo-sensor modules typically have a flat photo-sensitive surface with a simple geometrical shape. The approximate maximum defocusing in the direction parallel to the focal surface, ∆w, produced by a small displacement ∆z in the direction perpendicular to the focal surface, is given by the relation
It should be ∆w ≪ d, which sets a requirement on the maximum value of |∆z|.
The detected air scintillation signal
It is worthwhile to recall the relation between the signal from the EAS detected by the telescope and the most basic parameters of the EAS, of the atmosphere and of the telescope itself. All the formulas presented in this section depend on the photon wavelength, but the explicit dependence will be omitted.
An EAS develops at the speed of light c, starting from the first interaction point x 0 , along the longitudinal coordinate ℓ = c(t − t 0 ) = |x(t) − x 0 |, where x(t) or x(ℓ(t)) is the position as a function of time. Let x T be the position of the telescope, assumed to be constant during the EAS development.
Three main factors contribute to the number of signal counts, N : the air scintillation signal N sc , the atmospheric transmission from the EAS to the telescope T a and the telescope photo-detection efficacy E tel , with the dimensions of an area. Let ∆ℓ be a short segment of the EAS located at x(ℓ). The characteristics of the three previous factors can be taken as constant over ∆ℓ and therefore:
The number of air scintillation photons generated by the EAS segment ∆ℓ is given by
where N ch (x) is the number of charged particles in the EAS and Y (x) is the air scintillation yield. In principle, Y (x) also depends on the energy of the charged particles, which varies with the energy and zenith angle of the EAS. However, at this level of approximation, only the dependence on the spatial position will be taken into account.
The atmospheric transmission, T a , depends on the emission point x and the telescope position x T , or equivalently on the angle χ, and the altitude of the emission point h(ℓ), see equation 7.
The overall photo-detection efficacy of the telescope, E tel , factors into the optical triggering efficacy, E ′ O , the optical filters efficiency, ε f , and the overall photo-detection efficiency, ε PD :
The overall photo-detection efficiency ε PD (γ) is the probability that a photon reaching the photodetector will fire the front-end electronics producing a recorded photon hit. It is one of the most important parameters affecting the performance and depends itself on many parameters, in particular on the field-angle γ. For instance, the incidence angle of the incoming photons at the photo-detector entrance window changes with the field-angle. Typically, the larger the incidence angle, the lower the photo-detector efficiency is. The smaller the FoV of the optics the larger the incidence angles are, according to relation (20) .
For space-qualified standard PMT, already tested in the space environment, ε PD = 0.12 ÷ 0.15. Even in the most optimistic scenario it is not realistic to expect more than a factor three improvement of the ε PD in the near future, provided that successful efforts can be devoted to the development of suitable photo-sensors with higher quantum efficiency, that is nowadays the main source of inefficiency. However also the geometrical acceptance and filling factor of the array of photo-sensors are crucial issues.
Recently new photocatodes for photo-multiplier tubes have been developed. They have a quantum efficiency about twice the one of traditional bi-alkali photo-cathodes, see for instance [43] . Moreover many different concepts of solid state photo-sensor devices are being actively developed by many research groups. These devices, which come with different names (GAPD, SiPM, ...), aim to reach a total photo-detection efficiency of ε PD = 0.4 ÷ 0.6 (see, for instance, [44] for the most recent developments). However, in order to be ready for EAS observation from space, some R/D is still required to improve on such parameters as dark count rate, filling factor and quantum efficiency in the near-UV.
Other effects may affect the overall photodetection efficiency, with efficiencies typically very close to one. These effects include, for instance, reflection and absorption at the various optical elements, the filling factor of the focal surface with the real photo-sensor modules, threshold and pile-up effects in the front-end electronics. However the product of many efficiencies close to one can decrease the overall efficiency by a substantial amount. However, as they are already very close to one, there is little hope to gain anything substantial there.
The number of signal photons produced by a segment ∆ℓ of the EAS, at the coordinate x, and detected by the telescope is thus:
This equation can be used after defining the fiducial region on the focal surface such that photons are considered to be detected photons, that is photons that are close enough to the centroid of the image spot, see Section 6.3. The photons outside the fiducial region just contribute to the veiling glare, reducing the image contrast.
It is worthwhile to note that for faint signals (a few photons per pixel) the errors in the equation (25) will be typically dominated by the Poisson statistical fluctuations. In fact, for EAS with a number of detected signal photons N ≈ 100, less than 10 photons per pixel are expected with a relative statistical error of the order of 0.3, larger than the expected systematic errors of about 15% (see Appendix A.3).
Multi-photon detection factors
Other more complex factors, involving multiphoton correlations on the same pixels and correlations between photons in neighboring pixels, will affect the EAS detection efficiency. These include cross-talk, the front-end/read-out electronics and trigger efficiency and the event reconstruction efficiency. These effects are very difficult to estimate without a full Monte-Carlo simulation [11, 45, 46] , as they depend on the contribution of all the photons at once.
Signal and background roll-off with field-angle
Let us assume an ideal optics: E ′ O (γ) = A EP cos γ. The field-angle dependence of the signal, S(γ), for a given source is given by
The field-angle dependence of the random background, B(γ), is
Both signal and random background decrease at increasing field-angles, but in a different way: S decreases faster than B with γ. In fact the field-angle dependence of the ratio between the signal and the square root of the random background is:
The dependence on the field-angle of both the signal and S/ √ B makes the increase of the optics FoV useless above a certain extent for a nadir pointing telescope. Similar considerations apply to tilted instruments (see section 6.8.4).
The trigger settings require tuning as a function of the field-angle, that is as a function of the radial distance on the focal surface.
One important result is that a detection energy threshold about two times higher is expected for events detected at γ = 25
• with respect to events detected on-axis, because the efficiency curve as a function of the energy roughly scales as the inverse number of signal photons detected [11, 45, 46 ].
Number of detected photons and energy resolution
The desired energy resolution (∆E/E ∼ 0.2 ÷ 0.3) calls for a relative error due to the Poisson statistics of the number of detected photons, N , not larger than 1/ √ N ∼ (0.10 ÷ 0.15), assuming an equal contribution from Poisson statistical and other systematic errors. This implies that at least N ≃ 100 photons must be detected from any EAS at the lowest energies, with full detection efficiency. Obviously, the number of detected photons impacts significantly on all the other observables too.
The time-integrated irradiance of the signal reaching the telescope, as a function of the zenith angle θ, is shown in the Figure 7 . For an ideal optics and the reference conditions of Table 1 , the required overall triggering efficacy and the minimum telescope diameter can be inferred from the time-integrated irradiance (see section A). This result does not depend on the implementation of the optical system and the photo-sensor. The required overall triggering efficacy for observing the same EAS scales as H 2 .
[deg] Table 1 , as a function of θ.
It follows that a minimum entrance pupil diameter D EP ≈ 8 m is required to observe N ≃ 100 signal photons, in the reference conditions of Table 1 , at the energy threshold.
The length and duration of the visible EAS image
The angle subtended by the visible EAS image on the focal surface of the telescope and its time duration, which two important quantities, necessary for the experiment design, are easily estimated by determining the first and last detected points of the EAS image.
If one assumes to be able to subtract all the background and neglects the contribution of the Cherenkov light reflected by the Earth surface, the shape of the detected photon hits is well described by the Gaisser-Hillas function (equation (6)), which is a Gamma distribution in the variable X ≡ X − X 0 :
where
The mean and the standard deviation of this gamma distribution are:
The number of detected photons, N , can be estimated starting from the parameters of the EAS and telescope. Moreover they follow the probability distribution of equation (29) . The minimum and maximum value and the range of X (see Figure 8 ) as a function of N can be easily determined from simulations of Gamma distributions, using the physical parameters given in section 5.2, Table 2 . Simulations give good enough results for the present study; they are easier and faster than a precise analytical study (see for instance [47] ). A proton primary particle was used, but it has been checked that the results do not differ significantly for other primary hadrons. For instance, in case of an iron EAS at E = 10
19 eV, the range for N = 100 is 4.9σ instead of 5.0σ.
The minimum and maximum value and the range of X as a function of N are given in Figure 9 and Table 4 . As it is required to observe N ≃ 100 photons at the energy threshold, the range turns out to be about 5σ. Figure 9 . The minimum and maximum values and the range of X as a function of N for a Gamma distribution with parameters corresponding to the reference EAS ( Table 1) .
As expected, the results show that, due to the Gamma-like shape of the Gaisser-Hillas function, the range of the detected photon distribution (that is the observed image length) does not change by a large amount as a function of the number of detected photons. In fact, as Figure 9 shows, the range is roughly a logarithmic function of the number of detected photons.
100 (5.0 ± 0.1)σ 2.0σ 3.0σ 1000 (6.5 ± 0.1)σ 2.4σ 4.1σ 10000 (7.9 ± 0.1)σ 2.6σ 5.3σ Table 4 Estimation of the range of a Gamma distribution in the reference conditions of Table 1 .
From the above results, it is easy to estimate the angle ξ EAS subtended by the EAS image and the EAS image duration T EAS . The dependence on the EAS zenith angle θ of the angular extension and time duration of a E = 10 19 eV proton EAS image are shown respectively in Figures 10÷12 for 
100 µs, justifying the assumptions of section 5. Note also that, for θ 50
• , the EAS are truncated because they hit the ground, as it is shown by the cusps in the figures. Nevertheless the truncation does not affect the reference EAS ( Table 1) .
The time duration of the EAS image is almost independent on both H and γ for a fixed EAS geometry (see Figures 11(b) and 12(b) ). The angular length, for the same EAS, will scale as ∼ cos γ/H.
Some numerical values for the reference EAS are given in section A.1. More plots can be found in [9] . 6.8. Aperture
Area observed at the Earth
In the case of a nadir pointing telescope the geometrical area spanned by the FoV at the surface of the Earth is
in terms of H, the orbital height, R ⊕ , the Earth radius, γ M the half-angle FoV of the telescope, and β M , the angle at Earth center between nadir and the FoV border
The total atmosphere target mass, M a , can be estimated from A 0 using the value of the vertical column density of air (∼ 1033 g/cm 2 ). Some values are given in Table 5 for different values of H and γ M .
The expression for A 0 reduces, in the flat Earth approximation, to the well-known expression:
Instantaneous geometrical aperture
The instantaneous geometrical aperture is defined as:
in terms of the normalized EAS direction vector, n(θ, ϕ), the normal unit vector to the Earth surface, Table 5 Area observed at the Earth and atmosphere mass target.
k, the target area, A, and the solid angle Ω. For EAS with 0 ≤ ϕ ≤ 2π and 0 ≤ θ ≤ π 2 , the instantaneous geometrical aperture reduces to
The instantaneous geometrical aperture is related to the rate of observed EAS by the relation
where J is the flux of primary UHECP. Equation 34 implies that in order to reach A g 10 6 km 2 ·sr it has to be β M 2.86
• . The choice H = 700 km and γ M = 25
• satisfies this requirement.
Effective aperture
The effective aperture of a nadir pointing telescope, when considering all the EAS which reach the ground inside the FoV at any zenith angle, is approximately given by the relation:
in terms of the orbital height, H, the half-angle FoV γ M , the observational duty cycle η o , the dead time τ dead and the factor η c ∼ 0.5, quantifying the effect of real cloud coverage on the EAS detection efficiency. This expression gives the asymptotic aperture, when the total detection efficiency of the EAS is equal to one.
Tilting of the telescope
The instantaneous geometrical aperture can increase if the telescope is tilted with respect to the local nadir by some angle α tilt .
In this case, the geometrical solution to the problem of finding the intersection area of the circular FoV cone with the spherical Earth surface is not trivial at all. The easiest way to estimate the aperture is therefore to use a simple Monte-Carlo integration.
The Monte-Carlo results for the intersection area, as a function of α tilt , are shown in Figure 13 for different values of H and γ M .
It should be noted that the corresponding horizon angle is
70
• at H = 400 km 64
• at H = 700 km 60
which has to be taken into account when computing the maximum possible tilting angle.
The instantaneous geometrical aperture, in tilted mode, can increase up to a factor (3÷5), with respect to the case of no tilt.
The main drawback of tilting is that the atmospheric absorption increases at the far extreme of the FoV (see Table 3 ). This means that the effective energy threshold in the far part of the FoV increases. Moreover the FoV is non-uniform and the angular resolution at the far extreme becomes worse than at nadir. The large FoV of the optics, together with the large atmospheric target observed, would require an excellent stray-light control for a tilted telescope due to the large amount of stray light entering the FoV. Tilting, together with the large FoV, would also strongly affect the duty cycle, by a factor which cannot be easily estimated semi-analytically, as the large area observed at the Earth would more often include day-time areas and sources of stray light.
On the other hand increasing the orbit height seems to be a more effective method to increase the instantaneous geometrical aperture while minimizing the drawbacks mentioned above. In fact one would have no significant losses from the increased atmospheric transmission and a more uniform FoV. A highly elliptical orbit is also an option.
Duty cycle
It is not easy to estimate the duty-cycle of a space-based telescope without a dedicated preliminary measurement of the real background seen from the real satellite orbit. The observational duty cycle is driven by the acceptable background level and it is therefore dependent on the range of energies of the EAS under study. However to allow for background dependent observations implies a very precise knowledge of the telescope sensitivity as a function of the background level.
The major limitation to the telescope observational duty cycle comes from Sun light and Moon light. The fraction of time the telescope is unable to operate depends on the orbit and, during moontime, on the maximum background rate such that data taking, that is online background subtraction, is possible.
For an orbital height H ∼ 400 km, an orbit inclination of ∼ 50
• and requiring both the Sun and the Moon to be safely below the horizon, the average estimated duty cycle is η o ∼ 13%. If one accepts an additional background flux of B ML ≈ 100 ph m −2 ns −1 sr −1 , due to Moon light, the estimated duty cycle is η o ∼ 19% [48] .
The duty cycle may be also influenced by manmade or other natural sources (see section 6.12).
Pixel size
The pixel size, δ, is driven by the scientific requirements and constrained by the available technology and resources.
The number of signal photons divided by the number of random background photons on the pixel roughly scales as S/B ∼ 1/∆α (where ∆α is the angular pixel size corresponding to d, see equation (18)) for a pixel much larger than the EAS track width on the focal surface (which basically depends on the optics PSF) while it saturates to a constant for a small enough pixel size.
The pixel size also affects the angular resolution and the X M resolution.
Due to the relatively small EAS transverse dimensions, the width of the EAS image on the focal surface will be determined by the PSF only.
A pixel size roughly the same size of the optics PSF turns out to be, usually, a good compromise as it allows to exploit the optics performance. On the contrary, a pixel size much smaller than the optics PSF requires a much larger number of detector channels and allows to obtain a sub-pixel resolution, by fitting the known incident photon distribution, only in case the number of incident photons is large.
An approximate and simplified analysis, leading to determine the required pixel size starting from the angular resolution, is presented in Section 6.10.
Angular resolution
Any EAS will be seen as a point moving inside the FoV with a kinematics (direction and angular velocity) determined by the EAS direction relative to the line-of-sight from the telescope to the EAS instantaneous position. The direction of the EAS velocity vector, as seen by the telescope, can be decomposed into two perpendicular components: the one parallel to the line-of-sight and the other one lying in the plane perpendicular to it. The EAS develops approximately at the speed of light and its distance can be considered as a known value, in the case of a space-based experiment. Both components can be reconstructed from the two-dimensional image on the focal surface plus the timing information.
Using the reference conditions of Table 1 and exploiting the Gamma-like shape of the EAS longitudinal profile, the relation between the observed EAS angular length, ξ EAS , and the standard deviation of the observed longitudinal photon distribution along the EAS image, σ ξ (N ), turns out to be ξ EAS = 5σ ξ (for N = 100), as discussed in section 6.7.
The determination of angular resolution of the two components, perpendicular and parallel to the line-of-sight, are presented respectively in Sections 6.10.1 and 6.10.2.
Note that the following elementary analysis ignores the effect of the background, which will make the angular resolution worse. On the other hand, the use of the diffusely reflected Cherenkov flash, if implemented, might improve the angular resolution.
Angular resolution perpendicular to the line-of-sight
The expected angular resolution ∆β ⊥ on the EAS direction perpendicular to the line-of-sight is readily estimated by a linear fit. The error on the angle can be calculated from the standard errors relations for the least squares fit to a straight line with equal errors in both variables as [49] :
where σ ξ (N = 100) ≈ ξ EAS (N = 100)/5 (see Section 6.7) and ∆α is the angular pixel size.
Note that the above result is consistent with the naive evaluation:
6.10.2. Angular resolution parallel to the line-of-sight The relation between the observed angular velocity ω and the angle β between the EAS velocity vector and the line-of-sight is the well known relation [50, 51] :
where c is the speed of light and D is the distance of the EAS. In the present case, one assumes that the EAS develops in the lower layers of the atmosphere, within ∼ 15 km from the ground, so that D is approximately known (the relative error is ∆D/D 0.05).
The error on the angle β can be estimated from the equation α(t) = ωt using the standard errors relations for the least squares fit to a straight line with equal errors in both variables as [49] :
where ∆τ is the time resolution of the telescope, while σ ξ (N = 100) ≈ ξ EAS (N = 100)/5 and σ t (N = 100) ≈ T EAS (N = 100)/5 (see Section 6.7) and ∆α is the angular pixel size.
Requirements deriving from the angular resolution
In the reference conditions of Table 1 , a FoV granularity of ∆α ∼ 0.1
• is required, from equation 39, in order to reach an angular resolution of the order of ∆β ⊥ ∼ 1
• . Moreover, in order to reach an angular resolution of the order of ∆β ∼ 1
• , a time resolution ∆τ = 2.5 µs is required, from equation 42.
The above results lead to two similar values of the angular resolutions ∆β ⊥ and ∆β , which can be written, neglecting the soft (roughly logarithmic) dependence on N of σ ξ and σ t , as:
Other numerical estimates are given in section A.3. The angular resolution ∆β ⊥ as a function of θ, is shown in Figure 14(a) . The angular resolution ∆β as a function of θ, is shown in Figure 14 (b).
X M resolution
The equation 5, defines the slant depth X(ℓ) as a function of the coordinate along the EAS, ℓ, and the atmospheric density, ρ(h(ℓ)). Therefore one can derive an estimate of the angular resolution required to obtain any given X M resolution by applying the equation at an altitude h ≈ 6 km, where the X M of the reference EAS is located (see figure 5 ):
In the reference conditions of Table 1 , it is ∆ℓ ≈ 1.2 km, for ∆α ∼ 0.1
• (as determined in the previous section), so that:
2 . This shows that, in the reference conditions and neglecting the geometrical and kinematical details of the EAS development, one can estimate that in order to reach the required X M resolution of ∆X M ≃ 50 g/cm 2 an angular granularity of the order of ∆α ∼ 0.05
• is required.
Background and noise
A wide variety of background sources can affect the detection of UHECP from space. For every source the luminosity and variability in space and time must be studied and the data must be related to the local weather conditions. Actually the sources of background to the EAS observation can be roughly divided into four main categories.
There are almost-continuous natural night sky diffuse and slowly varying sources, uniformly distributed in the FoV. The main component is the atmospheric night-glow [52] . Also the moon-reflected sunlight contributes significantly during the full moon time.
There are ground and man-made sources, localized in the FoV, such as city lights or other luminous sources slowly moving with respect to the satellite speed projected on ground (airplanes, cars, ...). The sources of this class could blind the detector in the corresponding region of the FoV. The knowledge of their position in the FoV and their emission properties in the observational wavelength range will be helpful to limit their effect on the instrument duty cycle.
Transient Luminous Events (TLE) [53] in the lower atmosphere (lightnings) and in the upper atmosphere (red sprites, elves and blue jets) were discovered in the late eighties and are still poorly known. Recent measurements [54] have shown the existence of extremely powerful flashes in the near UV which may be related with the physics of the upper atmosphere. These luminous flashes might threaten the integrity of the photo-detector, if not properly taken into account. Therefore, the design of the orbit must optimize the duty cycle and minimize the aging effects, by avoiding the regions where the TLE are more frequent.
Finally there are other luminous events: satellites and debris in the sun light, meteorites, low energy cosmic radiation, satellite and satellite glow.
In this paper, looking for the minimal necessary requirements for the observation, only the continuous random background is taken into account, since it can be directly measured and subtracted. All the other background sources require a different handling and their space-time structure, distinct from the one of the EAS, must be exploited to reject them.
The total random background rate intercepted by the telescope (on the whole entrance pupil and full FoV) is:
A typical value for the total rate of background hits detected is of the order of 10 THz. See Section A.4 for some numerical estimates.
The intrinsic noise generated by all the parts of the experimental telescope has to be kept well below the physical background level, due to the faintness of the air scintillation signal. It is therefore required to be less than a few GHz (over the whole photodetector) in order to be negligible with respect to the background. Note that this requirement should also include the stray-light coming from lack of lighttightness of the telescope.
The online subtraction of the random background is mandatory as its rate is not negligible with respect to the rate of the air scintillation signal, especially for EAS near the energy threshold. A continuous monitoring of the average background on a pixelby-pixel basis, is therefore unavoidable to subtract it and to lower the energy threshold.
Many experiments have measured the intensity of the random background from space: BABY [31] , NIGHTGLOW [55] , Arizona-Airglow [56] and the Universitetsky-Tatiana microsatellite [57] . However, in order to devise a method for online background subtraction, it is necessary to have a finer characterization of the space-time behavior of the background on the space-time scale of the EAS development: ∆α ≃ 0.1
• and ∆t ≃ µs. This characterization should include measurements along different directions from nadir to cope with off-field background [14] . These measurements are relevant due to the large FoV, especially with a tilted telescope.
Conclusions
The design of a space-based telescope aimed at the observation of the EAS produced by UHECP is a very challenging task, particularly because of the small photon signal, the large photon background, the harsh space environment and the limited resources of a space mission. It is therefore very important to optimize the performance of the telescope, after defining the scientific requirements, and set safe design margins at the beginning of the concept study itself.
In this paper we have presented a set of analytical formulas and semi-analytical results that might be useful for the design of a future space-based experiment. These formulas and results allows one to set the approximate values of the design parameters, starting from given scientific requirements. These design parameters can be refined, afterwards, with detailed, as well as heavy and time consuming, full Monte-Carlo simulations.
The formulas and results were used to estimate the expected performance of realistic satellite configuration, the sEUSO mission proposed to ESA in the framework of the Cosmic Vision program 2015-2025 [22] .
We believe that before starting such a large and challenging free-flyer mission, a number of intermediate steps are needed, including preliminary measurements of the background and some sort of technology demonstrator. The envisaged JAXA JEM-EUSO [19] The detection of such an EAS obviously requires a large entrance pupil of many square meters, in order to get a number of detected photons of the order of a few hundreds as the total efficiency (optics, filters and photo-detector) is ε tot ≈ 0.1.
The typical angular length and the time duration of the EAS image are given respectively in Tables A.2 and A.3. 
A.2. Requirements on the optical triggering efficacy
Following the discussion in Section 6.6, the required overall photo-detection efficacy in the reference conditions of Table 1 can be calculated
where N ≃ 100 at the energy threshold. Using the values of the time-integrated irradiance given in the previous section it is E tel (γ = 15
• ) ≈ 4 m 2 when observing at H = 700 km, E tel (γ = 15
• ) ≈ 1.5 m 2 at H = 400 km and E tel (γ = 15 • ) ≈ 10 m 2 at H = 1000 km.
Assuming conservatively ε f ε PD ∼ 0.1, the optical triggering efficacy is obtained from the equation (24), The optical triggering efficacy at γ = 0
• , that is the entrance pupil area, is not only the effective photon collection area but it is also an estimate of the physical area of the optics, actually an optimistic one. Therefore it translates into a requirement on the minimum size of the telescope.
For an ideal optics, such that the optical triggering efficacy is E These results cannot be applied without accounting for the other sources of inefficiencies in a real optical system, so that the lower limit on D min might increase by a factor, as confirmed by Monte-Carlo simulations [11, 45, 46] .
A.3. Granularity and angular resolution
Requiring a spatial granularity on Earth surface ∆L 1 km, the required pixel granularity at different orbital heights can be fixed: Using the values of Table A .2 it turns out that the image of an EAS with θ = 50
• is about 17 pixels long and there are about 6 photons per pixel on average.
The pixel size on the focal surface, from equation (14) , is d ≈ 5 mm, using the minimum diameter from equation (A.2), and F n ∼ 0.5. This value of d does not depend on H since D min ∝ H.
It turns out that, in the reference conditions of Table 1 , the angular resolution perpendic-ular and parallel to the line-of-sight are both ∼ 0.5
• . The total angular resolution is then
A.4. The Random Background
The total random background rate intercepted on the whole entrance pupil by the telescope, in the reference conditions of Table 1 , with γ M = 20
• is given in Table A .4, together with the corresponding total number of pixels and the total random background rate per pixel (with a total efficiency ε tot ≈ 0.1). The results show that there is one order of magnitude more background than signal photons superimposed on the typical EAS (all space-time length) and roughly the same number of signal and random background photons near the EAS maximum. might be improved as well, by exploiting the larger number of photons with respect to EUSO, but this is not taken into account in the present analysis.
The result coming from all these assumptions lead to the parameters summarized in Table B .
Satellite and Orbit
Orbit perigee rp ≈ 800 km rp ≈ (600 ÷ 1000) km Orbit apogee ra ≈ 1100 km ra ≈ (800 ÷ 1200) km 
